I. INTRODUCTION
Nanometer-sized magnetic particles have been attracting an increasing interest over the last decades as their properties considerably differ from those of bulk materials due to the non negligible fraction of atoms located at the surfaces or the interfaces. Enhancement of the orbital magnetic moment as well as the magnetic anisotropy energy (MAE) at the less coordinated atoms were observed on many system, from single atoms, 1 free, 2,3,4 supported 5, 6, 7 and embedded clusters. 8, 9 From a technological point of view, such nanostructures are potential candidates to increase the storage media density. 10 However, applications are limited by superparamagnetism: due to their reduced sizes, the nanoparticles MAE is not sufficient to stabilize the magnetization direction, which fluctuates due to thermal activation.
Then, the need for nanomagnets with higher thermal stability drives the need for high MAE nanomaterials.
In very small nanostructures, where surface to volume atom number ratio is not negligible, two contributions to the MAE are found originating from volume and surface or interface.
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The volume anisotropy is mainly due to the clusters crystallographic structure, via the magnetocrystalline anisotropy (MCA). As atomic stacking with a high symmetry (like cubic staking) does not favor a high MCA, intense efforts are devoted to the production of mixed clusters made of a magnetic material (Co, Fe, Ni) with a 4d or 5d transition metal (Pd, Pt). 9, 12, 13 When ordered in the L1 0 tetragonal phase, such mixed bi-metallic systems show very strong MCA. 14, 15, 16 The surface anisotropy has two origins. On the one hand, as the lower coordinated atoms at the surface are in a less symmetric environment, they present an enhanced MAE as compared to the bulk. 1, 8, 11 On the other hand, the contact with a non ferromagnetic matrix induces an interfacial anisotropy, whose origin depends on the matrix nature. In the case of metallic matrices, the interfacial anisotropy is due to the spin-orbit coupling and hybridization between cluster and matrix atom orbitals, as shown in Co/Pt multilayers 17 and Co clusters embedded in Pt. 18 In the case of antiferromagnetic matrices, the interfacial anisotropy is due to the exchange bias phenomenon 19 as shown for Co cluster embedded in CoO.
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In this study, we present magnetic measurements on mixed Co x Pt 1−x clusters (with x ranging from 0 to 1) embedded in two different matrices: a metallic one (Nb) and an oxide one (MgO). With a careful analysis of hysteresis loops and Zero Field Cooled (ZFC) sus-ceptibility measurements, we separate the volume and surface magnetic anisotropy energies.
We then show that, even in non chemically ordered fcc clusters, the addition of platinum increases the volume anisotropy with respect to pure Co. We also show that a high surface anisotropy is found when clusters are embedded in the oxide matrix, due to the formation of a CoO shell around the clusters.
II. SAMPLE ELABORATION AND CHARACTERIZATION
The samples are elaborated using the co-deposition of preformed clusters in the gas phase and of an atomic flux for the matrix. 21, 22 The clusters are produced by the condensation of a plasma obtained by laser vaporization on a metallic rod. 23 We use a Nd:YAG laser (λ = 532 nm, pulse duration of a few nanoseconds, frequency up to 30 Hz) to vaporize a mixed 22 The matrix is evaporated using an electron gun evaporator. Nb is evaporated at 0.2 nm/s and MgO is evaporated at 0.02 nm/s. The pressure during the co-deposition is below 5 × 10 −8 mbar and falls down rapidly after the process.
We have produced four types of clusters, using four target rods with different compositions (cf. a CoPt core and a Co(Pt)O shell. From such a diffuse cluster surface, one could expect inhomogeneous magnetic properties. Surprisingly, it was already shown from microSQUID measurements performed on single Co clusters embedded in a Nb matrix that even if the CoNb shell is not magnetic, the Co core conserves the magnetic properties of a well defined faceted cluster. 8, 11, 30 In the following we show that the magnetic properties of our clusters are also quite homogeneous.
III. MAGNETIC MEASUREMENTS AND QUANTITATIVE ANALYSIS
The magnetic measurements have been performed using a superconducting quantum interference device (SQUID) at various temperatures (except for the Co:Nb sample, which was measured using a vibrating sample magnetometer. 30 ) In order to extract the single isolated cluster magnetic behavior and avoid any cluster magnetic interactions, we have studied low concentrated samples. For the clusters embedded in the Nb matrix the concentration was about 0.1 % in volume and for the clusters embedded in the MgO matrix, the concentration was about 5 % in volume. At these concentrations the mean distance between clusters is about 15 nm in Nb and 5 nm in MgO. This is sufficiently large to discard Ruderman-KittelKasuya-Yasuda interactions in metallic matrices, which vanish above a few nanometers.
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lower than our measurement temperatures (respectively 0.2 K in Nb and 4 K in MgO). We have measured the four cluster types in both matrices. In the following, samples are referred 
A. Experimental results
The M(H) curves were recorded at various temperatures, from 2 K to 300 K, and for 2 ). The transition between SPM and FM regimes was characterized using the so-called zero field cooled-field cooled (ZFC-FC) protocol ( fig. 3 ), recorded in a 5 to 10 mT field, with a temperature sweeping rate of few tens of mK/s. For every measurement, the ZFC curve shows a maximum at T = T max , which is related to the blocking temperature T B of the particles. For T > T max , we observe a decrease of M, which is proportional to T −1 , typical of SPM.
As a general trend, we observe that the peak temperature T max in the ZFC curves for a given type of cluster is systematically higher for clusters embedded in MgO than for clusters embedded in Nb. In the same way, the coercive fields H C and remanent to saturation magnetization ratios M R /M S are also systematically higher for clusters embedded in MgO than for clusters embedded in Nb. This shows that the MgO matrix induces higher magnetic anisotropy energy than the Nb matrix. However, the origin of this result is difficult to discuss as the clusters do not have the same magnetic size in both matrices due to the intermixing at the interface. In the following, we present our analysis of the measurements and show a model to fit the ZFC-FC curves. This analysis enables us to deduce quantitatively the surface and volume anisotropies, which are independent of the cluster magnetic volume.
B. Magnetic size
The first point of the analysis is to determine precisely the clusters magnetic volume and its corresponding distribution in the samples. For that purpose, we focus on the superparamagnetic M(H) curves measured at high temperatures (T ≫ T max ). At these temperatures, the thermal energy is high compared to the MAE, which can be neglected. 35 The magnetic behavior can be described by the classical Langevin function. In order to fit the measure- fig. 4 and the results are shown in table II.
We systematically find a reduced magnetic size as compared to the TEM measured size (table I). This is due to the cluster-matrix interface, which induces some dead surface layers. In the case of the clusters embedded in the Nb matrix, the mean diameter is reduced by about 1 nm, which corresponds to two dead surface layers. This is coherent with a previous EXAFS study on the Co:Nb sample, 30 which has shown the formation of a non magnetic CoNb alloy for the first two surface layers. X-ray magnetic circular dichroism 28 In this last case, the mean spin moment to bulk spin moment ratio was found to be 0.34, close to the magnetic volume to cluster volume ratio (0.41). In this case, the dead layers are due to the formation of a Co(Pt)O antiferromagnetic shell around the cluster magnetic core, observed in the Co L 3 multiplet peak in the x-ray absorption peak. 
C. Surface and volume anisotropies
We now determine the magnetic anisotropy energies in the samples. For this purpose we focus on the ZFC-FC measurements. In many studies, the MAE is evaluated by considering that T max is the clusters blocking temperature. Whereas this is true for a monodisperse cluster assembly, such an assumption leads to an overestimation of the MAE for a distributed assembly. In the following we expose a model which describes the ZFC-FC curves for a monodisperse cluster assembly. Then we fit the measurements, using a convolution of the monodisperse assembly model with the magnetic volume distribution determined previously.
We consider that our clusters are single domain magnets with a uniaxial magnetic anisotropy, a quite common assumption for such nanostructures. 8, 38 As no crystalline direction or orientation is favored during the LECBD and because the matrix is polycrystalline, the cluster anisotropy axes are randomly oriented. The cluster magnetic energy is described by the Stoner-Wohlfarth Hamiltonian. 39 They can be magnetized in two directions (named 1 and 2 in the following), which depend on the anisotropy axis orientation and external field.
The transition from SPM to FM regimes is due to kinetic and thermal effects. Therefore, the relaxation of the magnetic moments is described using the rate equation 40, 41, 42 
where n 1 is the proportion of clusters, whose magnetization points in the direction 1 and ν 12 (resp. ν 21 ) is the switching rate from direction 1 to 2 (resp. from 2 to 1). The switching rates are expressed as ν i = ν 0 exp(−∆E i /k B T ) (with i = 12 or 21) where ∆E i is the energy barrier and ν 0 the attempt frequency (about 10 10 Hz). 38 These energy barriers depend on the external magnetic field H and its orientation with respect to the cluster anisotropy axis.
Unfortunately, no analytical expression can be found for the energy barriers if the external magnetic field H is not aligned with the anisotropy axis. However, in the case of a low field (µ 0 H ≪ K/µ, with K the cluster MAE and µ the cluster magnetic moment), it can be estimated as
where µ 0 H K = 2K/µ is the anisotropy field and ψ is the angle between the magnetic field and the anisotropy axis. For an assembly of clusters with random orientation of the easy axis, the magnetization along the field direction M is the average of all the possible orientations.
If we further assume µ 0 H ≪ k B T /µ and H constant, then the magnetization M is the solution of
with η the cluster density and τ (T ) =
, the relaxation time. In the ZFC-FC measurement protocol, the sample is previously thermally demagnetized. Then, the initial condition is M 0 = µ 0 µ 2 Hη/3K, which corresponds to the magnetic susceptibility due to the displacement of the energy minima by the external magnetic field.
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In order to find the ZFC magnetization M ZFC (T ), we hold T constant and integrate eq. (3) for a temperature T ′ swept from 0 to T . When T ′ is close to T ≪ K/k B , the relaxation time
varies on a temperature scale k B T ′2 /K ≪ T ′ and we can therefore keep the constant T in the right hand of eq. (3). Given a constant temperature sweeping rate dT /dt, we have then the solution
where δt = k B T 2 (KdT /dt) −1 . This is also the magnetization we would get by first stepping the temperature from 0 to T and then letting M relax for a characteristic time δt at constant T . We should notice that when T ≪ K/k B is not true, the solution (4) still holds, since in this regime M ZFC has always its equilibrium value.
In order to take into account the magnetic size distribution in the fitting procedure, we need to know the relation between size and MAE, which is not trivial as surface and interface effects are known to play an important role at this size range. 6, 8 We then write the MAE as a combination of volume and surface anisotropies:
and K S are respectively the volume and surface anisotropies. In practice, we use eq. (4) to fit the experimental ZFC curves and determine K V and K S . Then we use a numerical integration of eq. (3), with the previously determined parameters to simulate the FC curves.
The results of the modelling are shown in figure 3 and the fit parameters are reported for each sample in table II.
Equation (3) does not allow performing a calculation of the whole hysteresis loops, as it is only valid at low magnetic fields. However, it allows the determination of the remanence to saturation magnetization ratio. At T = 0 K, this ratio should be 1 2 for an assembly of cluster with randomly oriented anisotropy axis. 30 Considering that the magnetization relaxation is non negligible for µ 0 µH < k B T , the measured value corresponds to the magnetization reached after the typical time δt ′ in zero field:
where
Taking into account the volume distribution, and using the 
IV. DISCUSSION
The volume anisotropies found for a given cluster composition in both matrices are nearly found equal. This result justifies our separation of volume and surface anisotropies: the volume anisotropy is only linked to the type of cluster whereas the surface anisotropy is related to the cluster surface and the matrix nature. We find that the mixed clusters have significantly higher volume anisotropy as compared to the pure Co clusters. obtain a more precise crystallographic characterization.
Concerning the surface anisotropies, the variation according to the cluster composition is non-trivial. On the one hand, for clusters embedded in Nb, we observe that K S increases with the proportion of Pt. On the other hand, for clusters embedded in MgO, K S is maximum for the Co 85 Pt 15 . This complex result comes from the fact that K S has two origins. The first one (K S,C ) is intrinsic to the cluster (independent of the matrix) and is due to the low symmetry and atomic coordination at the cluster surface. 1, 11 The second one (K S,C/M ) is due to the cluster/matrix interface and then depends on both cluster and matrix. It was already shown that the interface anisotropy for Co clusters embedded in Nb is negligible.
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Assuming that this fact is still valid for the mixed clusters, it is possible to estimate the different contributions from our measurements (see table III) . From this estimation we find that the Pt atoms induce an enhancement of the cluster intrinsic surface anisotropy as compared to pure clusters. This result is attributed to the presence of Pt atoms at the surface, which decrease the coordination number of the cobalt surface atoms.
We now discuss the origin of the interface anisotropy of the clusters embedded in MgO.
We note that the very high surface anisotropy found for the pure Co clusters embedded in MgO matrix is very close to the one found in a Pt matrix (K S (Co:Pt) = 300 µJ/m 2 ).
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However, the origin is completely different in the two cases. In the case of the Pt matrix, the K S enhancement is due to the hybridization between Co and Pt atoms at the interface, of the MgO matrix. The origin is rather due to the formation of an oxide shell around the clusters, as it was observed in the x-ray absorption spectra. 28 It is well known that the interface between an antiferromagnetic (AFM) and a ferromagnetic layer leads to the so-called exchange anisotropy and to the exchange bias phenomenon. 19 Concerning nanoparticles, this effect was shown to induce an important increase of the anisotropy. 20, 44 In order to evidence the exchange bias phenomena, we have measured the low temperature hysteresis loops after a field cooled under a high magnetic field. After a 3 T field cooled, the Co 58 Pt 42 :MgO sample has shown a small 12 ± 5 mT exchange bias field at 6 K. After a 6 T field cooled, the Co:MgO sample has shown no exchange bias at 2 K. This unclear exchange bias observation may be related to the small thickness of the CoO shell. Indeed, in such a case, the AFM shell MAE is too low as compared to the coupling energy between the FM core and AFM shell. Then the magnetic moments in the shell rotate coherently with the FM core 45 and the energy to overcome in order to reverse the cluster magnetization corresponds to the sum of the core and shell MAE. Concerning the cluster/MgO interface anisotropy variation with the cluster chemical composition, we remark that it decreases when the Pt proportion is increased and we find that this contribution is weak for the Co 58 Pt 42 clusters.
We attribute this result to the presence of Pt atoms at the cluster surface, which decrease the quality of the antiferromagnetic ordering in the oxide shell, as it was already observed in ferromagnetic/antiferromagnetic multilayers.
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In conclusion, we have studied the magnetic anisotropy of well defined Co 
